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In the frame of substrate engineering, the steric effect of different N-protecting groups on the enantio-
selectivity and reaction rate of CAL-B-catalysed (S)-selective O-acylation of N-protected 1-
hydroxymethyl-tetrahydro-b-carbolines was investigated. Excellent enantioselectivities (E > 200) were
observed when the acylation of N-Boc [(±)-1], N-Cbz [(±)-3], and N-Fmoc-protected [(±)-4] substrates
was performed with the use of CAL-B and acetic anhydride in toluene at 60 C. The resolution of N-acetyl-
protected substrate (±)-2 showed excellent E (>200) after 30min, but as the reaction progressed, E
started decreasing after 2 days, because of N/O and O/N acyl migrations. Preparative resolutions of
(±)-3 and (±)-4 resulted in unreacted amino alcohols (R)-3 and (R)-4 and esters (S)-7a and (S)-8a with
good enantiomeric excesses (88%) and high yields (44%).
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Tetrahydro-b-carboline alkaloids such as vincristine, vinblas-
tine1 or reserpine2 are well known about their valuable therapeutic
effects (Fig. 1). Because of their potential biological activity, atten-
tion is focused on the isolation and synthesis of compounds with
the tetrahydro-b-carboline core. Cytotoxic activities of callophycine
A from Callophycus oppositifolius3 or (3S)-tetrahydro-b-carboline-3-
carboxylic acid from Cichorium endivia4 were described. The anti-
cancer effects of synthetic tricyclic5 and benzimidazole-substituted
tetrahydro-b-carbolines were also demonstrated.6
Enzymatic resolution of amino alcohols is well known in the
literature. For instance, lipase-catalysed chemoselective N- or O-
acylations of unprotected amino alcohols7e9 were investigated and
proved that the type of the reaction product (amide or ester) highly
depended on chain length between the primary amino and primary
or secondary hydroxyl group.10e12 When the primary amino group
was protected, enantioselective enzymatic resolutions wereInstitute of Pharmaceutical
p).described.13e18 For example, in situ N-protection and selective O-
acylation were achieved, when acid anhydrides were used as acyl
donors in the Burkholderia cepacia lipase-catalysed resolution of 2-
amino-1-phenylethanols.19 Bulkier protecting groups, such as N,N-
diallyl or N-Boc, were applied successfully in the stereoselective
acylation of trans-3-amino-4-hydroxypyrrolidine.20 Application of
the N-alkoxycarbonyl protecting group for the resolution of 2-
amino alcohols was also described.21 Enzymatic acylation of
amino alcohols containing a secondary amino group has been less
often described in the literature and in many cases N-protection
was applied.20,22e24 Many activated esters used commonly could
not be applied as acyl donors because of undesired background
reactions. This was the case in the resolution of 1-methyl-tetrahy-
droisoquinoline or salsolidine and, therefore, their lipase-catalysed
N-acylation was performed with carbonate type acyl donors.25e28
Note that protecting groups can also behave as docking groups
in enzymatic processes,29 which can extend the substrate speci-
ﬁcity of the enzyme. This concept was applied by Raadt et al. to
increase the selectivity of biohydroxylation reactions of carboxylic
acids, ketones, aldehydes, and alcohols having achieved good re-
sults by the use of chiral docking and protecting groups.29 Docking/
protecting group design coupled with substrate engineering was
also utilized for the preparation of (S)-2-hydroxy-2-methylbutyric
Fig. 1. Tetrahydro-b-carboline-core containing alkaloids.
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supplemented with covalent immobilization was used to improve
the catalytic activity and enantioselectivity (E) of the esterase
enzyme in the hydrolytic resolution of (R,S)-mandelates.31 The ef-
fect of the leaving alcohol moiety in CAL-B-catalysed trans-
esteriﬁcation of 2-bromobutyric esters was investigated by Silva
et al.32 They observed inversion of enantiopreference when ester-
containing chiral alcohol moiety (R)-1-phenylethanol was applied
instead of an achiral ordinary aliphatic alcohol. The effect of
different ortho-, meta-, and para-substituted b-nitrostyrene de-
rivatives on theMichael-type addition of acetaldehyde catalysed by
4-oxalocrotonate tautomerase was also investigated in the context
of substrate engineering.33 The substrate ketone was masked into
enol to improve the stereoselectivity of hydroxynitrile lyase from
Hevea brasiliensis for the preparation of 2-hydroxy-(40-oxocyclo-
hexyl)acetonitrile.34 Enzyme and substrate engineering were used
together for the synthesis of new fructooligosaccharides.35 Results
in a recently published article dealing with enzymatic hydrolysis of
unactivated and activated b-lactams also underline the importance
of substrate engineering.36
In this paper we aimed to investigate the stereochemical
effect of different N-protecting groups [Boc (tert-butylox-
ycarbonyl), acetyl, Cbz (benzyloxycarbonyl), and Fmoc (9-
ﬂuoroenylmethyloxycarbonyl)] in the enzymatic O-acylation of
1-hydroxymethyl-1,2,3,4-tetrahydro-b-carboline [(±)-10]. This
could allow us to develop a new approach for the enantioselective
preparation of 10 through the use of the substrate engineering
concept (Scheme 1).Scheme 1. Effects of different N-protecting2. Results and discussion
2.1. Synthesis of the starting compounds [(±)-1(±)-4]
Racemic 1-hydroxymethyl-1,2,3,4-tetrahydro-b-carboline (±)-10
was obtained by a PicteteSpengler cyclisation of tryptamine hy-
drochloride and glycolaldehyde.37 Besides Boc, three other
commonly used protecting groups of different sizes, namely acetyl,
Cbz, and Fmoc were selected for the protection of the secondary
amino group of (±)-10. Derivatives of (±)-10with the N-Boc [(±)-1],
N-acetyl [(±)-2],38 N-Cbz [(±)-3], and N-Fmoc [(±)-4] protecting
groupswere synthesized by knownmethods (Experimental section).2.2. Steric effects of various N-protecting groups on enzymatic O-
acylation
2.2.1. Acylation of (±)-1
On the basis of our previous study on CAL-B-catalysed O-acyl-
ation of N-Boc-protected 1-hydroxymethyl-tetrahydro-b-carboline
[(±)-1],39 the resolution of (±)-1 was ﬁrst carried out with acetic
anhydride as acyl donor in toluene at 60 C (Table 1, entry 1). The
relatively fast reaction (50% conversion after 30min) afforded an
excellent E (>200). Enantioselectivity (E) of an enzymatic trans-
formation deﬁnes the changes of enantiomeric excesses (ee) of the
remaining substrate (ees) and the product (eep) in function of
conversion. Practically, it shows as how many times faster one
enantiomer is transformed into product then the other one.40,41
Next, vinyl acetate and 2,2,2-triﬂuoroethyl butyrate bearing agroups on the O-acylation of (±)-1-4.
Table 1
O-Acylation of (±)-1.a
Entry Acyl donor t (min) ees (%)b eep (%)b Conv. (%)c Ed
1 Acetic anhydride 15 86 99 47 >200
30 98 98 50 >200
2 Vinyl acetate 15 93 98 48 >200
30 94 94 50 115
3 2,2,2-Triﬂuoroethyl butyrate 30 60 80 43 16
60 73 70 51 12
a (±)-1: 3.7mg (0.0125mmol); 30mgmL1 CAL-B; 2 equiv. of acyl donor, 1mL toluene; 60 C.
b According to HPLC equipped with a chiral column (see subsection 4.2. Analytical methods).
c Conv.¼ ees/(eesþeep).
d E¼ {ln[(1-ees)/(1þees/eep)]}/{ln[(1þees)/(1þees/eep)]}.
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was almost as efﬁcient as acetic anhydride (entry 2 vs. 1), the use of
2,2,2-triﬂuoroethyl butyrate resulted in a signiﬁcant decrease in E
(entry 3).2.2.2. Acylation of (±)-2
Successful application of the acetyl group for the protection of
primary amines in the enzymatic transformations of 2-acetamido-
1-arylethanols13 and cyclic 1,3-amino alcohols42 has been
described in the literature. Thus, we attempted to perform the CAL-
B-catalysed O-acetylation of (±)-2 with vinyl acetate in toluene at
60 C. At the beginning, the fast CAL-B-catalysed O-acylation of
(±)-2 (E> 200) was the only transformation detected (ee(R)-2¼ 65%,
ee(S)-6a¼ 99%, after 30min). However, as the reaction progressed, ee
values of both products started to decrease (Fig. 2) because of N/
O43 and O/ N12,19,44,45 acyl migrations (Scheme 2). Furthermore, 2
and 6a were detected as racemates after 2 days. The same phe-
nomenon occurred when acetic anhydride or 2,2,2-triﬂuoroethyl
butyrate was used as acyl donor instead of vinyl acetate (data not
shown).
When the reaction was performed with CAL-B but without an
acyl donor, the formation of N,O-diacylated product 6a was detec-
ted with an ee of 22% after 8 h (ees¼ 11%). When neither the
enzyme nor the acyl donor was added to the reaction mixture
[shaking only (±)-2 in toluene at 60 C], 6a was not detected, even
after 2 days. These observations suggested that, in addition to acyl
migration, CAL-B-catalysed reversible transesteriﬁcation reactions
took place10,12 (Scheme 2). Here we note that performing theFig. 2. Effect of the N-acetyl protecting group on the ee of 2 an 6a.a a(±)-2: 3.1mg
(0.0125mmol); 30mgmL1 CAL-B; 2 equiv. vinyl acetate; 1mL toluene; 60 C bAc-
cording to HPLC equipped with a chiral column (see subsection 4.2. Analytical
methods).acylation with acetic-anhydride in the same manner as described
above (in toluene at 60 C), but no enzyme was added to the re-
action mixture, no chemical esteriﬁcation over the period of 2 h
was observed. Overall, these background reactions can explain the
result of the enzymatic acylation of (±)-2. It follows that the N-
acetyl group was an inadequate protecting group for enzymatic O-
acylation under these reaction conditions.2.2.3. Acylation of (±)-3
Excellent E (>200) was observed when a small-scale enzymatic
acylation of N-Cbz-protected substrate (±)-3 was performed with
acetic anhydride (Table 2, entry 1). The reaction progress was
extremely slow (conv. 43% after 3 h vs. conv. 41% after 1 h), while E
decreased progressively (entry 1). The same phenomenon was
observed when acylation was carried out with vinyl acetate (entry
3). With the bulkier 2,2,2-triﬂuoroethyl butyrate an excellent Ewas
found at a conversion of 26% (entry 4); however, at longer duration,
the ee of the product [(S)-7b] decreased. In an attempt to optimize
the combination of reaction time and E, the amount of acetic an-
hydride was increased from 2 to 4 equiv. (entries 1 and 2). A con-
version of 51% was achieved after 20min with excellent ee of both
the unreacted amino alcohol [(R)-3] and the product amino ester
[(S)-7a] (ee 97%).2.2.4. Acylation of (±)-4
CAL-B-catalysed acylations of (±)-4 were carried out in the
presence of different acyl donors in toluene at 60 C (Table 3). The
desired product [(S)-8a] was formed with high eep (98%) in the
presence of 2 equiv. of acetic anhydride or vinyl acetate (entries 1
and 3), after 60min. A lower E was observed in the resolution with
2,2,2-triﬂuoroethyl butyrate at a conversion of 29% (entry 4). The
highest conversion (45%) was recorded with acetic anhydride
(entry 1) after 60min. In order to increase the reaction rate, the
amount of acetic anhydridewas increased from 2 to 4 equiv. Indeed,
we could achieve a conversion of 50% after 30min with a high E
(entry 2).2.3. Preparative-scale resolutions
Recently, we described the preparative-scale resolution of (±)-1
using CAL-B and 2 equiv. of acetic anhydride in toluene at 60 C. An
excellent E> 200 was observed and the products [(R)-1 and (S)-5a]
were isolated with an ee of 98% and a yield 46% (at a 50% con-
version after 1.5 h).39 The preparative-scale resolution of (±)-2 has
not been performed, because of the poor results during preliminary
experiments (see Section 2.2.2). The preparative-scale kinetic res-
olution of (±)-3 and (±)-4 was carried out under the optimized
conditions (CAL-B, 4 equiv. of acetic anhydride, toluene 60 C) and
the corresponding results are summarized in Table 4.
Scheme 2. Acyl migration of (±)-2.
Table 2
O-Acylation of (±)-3.a
Entry Acyl donor Acyl donor (equiv.) t (min) ees (%)b eep (%)b Conv. (%)c Ed
1 Acetic anhydride 2 60 69 99 41 >200
2 180 69 93 43 57
2 4 10 86 99 45 >200
4 20 99 97 51 >200
3 Vinyl acetate 2 30 58 99 37 >200
2 60 59 97 38 121
2 180 59 83 42 20
4 2,2,2-Triﬂuoroethyl butyrate 2 30 35 99 26 >200
2 60 48 98 33 160
2 180 52 91 36 35
a 4.2mg (0.0125mmol) (±)-3; 30mgmL1 CAL-B; 1mL toluene; 60 C.
b According to HPLC equipped with a chiral column (see subsection 4.2. Analytical methods).
c Conv.¼ ees/(eesþeep).
d E¼ {ln[(1-ees)/(1þees/eep)]}/{ln[(1þees)/(1þees/eep)]}.
Table 3
O-Acylation of (±)-4.a
Entry Acyl donor Acyl donor (equiv.) ees (%)b eep (%)b Conv. (%)c Ed
1 Acetic anhydride 2 79 98 45 >200
2 4 99 97 51 >200
3 Vinyl acetate 2 66 98 40 >200
4 2,2,2-Triﬂuoroethyl butyrate 2 39 98 29 145
a 5.3mg (0.0125mmol (±)-4); 30mgmL1 CAL-B; 1mL toluene; 60 C after 60min.
b According to HPLC equipped with a chiral column (see subsection 4.2. Analytical methods).
c Conv.¼ ees/(eesþeep).
d E¼ {ln[(1-ees)/(1þees/eep)]}/{ln[(1þees)/(1þees/eep)]}.
Table 4
Preparative-scale resolutions of (±)-3 and (±)-4.a
Entry Substrate Conv. (%)b t (min) Product ee (%)c Yield (%) [a]D25 (EtOH)
1 (±)-3 48 15 (R)-3 88 48 þ77.2 (c ¼ 0.52)
2 (S)-7a 94 45 84.3 (c¼ 0.625)
3 (±)-4 51 50 (R)-4 99 47 þ54 (c ¼ 0.28)
4 (S)-8a 96 44 57.8 (c¼ 0.8)
a 100mg substrate; 450mg CAL-B; 4 equiv. of acetic anhydride; 15mL toluene, 60 C.
b According to HPLC equipped with a chiral column (see subsection 4.2. Analytical methods).
c Conv.¼ ees/(eesþeep).
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groups
The Cbz protecting group of (R)-3 was removed byhydrogenation with 10% Pd/C in a continuous-ﬂow reactor (H-
Cube®) (Scheme 3).46 Measurable racemisation was observed dur-
ing the deprotection procedure [the ee of (R)-10 decreased to 78%
from 88%] and the yield of reaction was only 50%. The Fmoc group
Scheme 3. Removal of the N-Cbz and N-Fmoc protecting groups of (R)-3 and (R)-4.
R. Megyesi et al. / Tetrahedron 74 (2018) 2634e26402638of (R)-4was removed by 20% piperidine in dimethylformamide and
the desired unprotected amino alcohol [(R)-10] could be isolated
with a yield of 75% (Scheme 3). In this case, the deprotection re-
action did not cause any change in the ee of the product (99%). Note
that the microwave-assisted deprotection of (R)-1 published pre-
viously proceeded with a yield of 79% without a change in the ee
(98%).39
2.5. Determination of the absolute conﬁguration
The stereochemistry of the product enantiomers was deter-
mined by comparing the optical rotations of the unprotected amino
alcohols [(10)] {[a]D25¼ - 22 and - 35.4 in EtOH} with the literature
data for (R)-10 {lit.,39 [a]D25: 37.8 in EtOH}. Thus, CAL-B-catalysed
(S)-selectively the O-acylation of both substrates [(±)-3 and
(±)-4], similar to that published previously for N-Boc-protected
derivative (±)-1.39
3. Conclusion
(S)-Selective O-acylations of four different (N-Boc, N-acetyl, N-
Cbz, N-Fmoc) protected derivatives of 1-hydroxymethyl-1,2,3,4-
tetrahydro-b-carboline [(±)-1-(±)-4] were investigated under the
same reaction condition (CAL-B, toluene, 60 C) with three different
types of acyl donors (acetic anhydride, vinyl acetate, 2,2,2-
triﬂuoroethyl butyrate). In view of enantioselectivity, reaction
rate, type and amount of acyl donor, atomeconomy, and yield of the
protecting group removal, Boc proved to be the most suitable
protecting group (E> 200, conv. ~50%, after 30min), when 2 equiv.
of acetic anhydride as acyl donorwere applied. The use of the acetyl
protecting group proved to be inadequate (ee(R)-2¼ 65%, ee(S)-
6a¼ 99%, after 30min, but the ee of both products decreased to
racemic after 2 days) because acyl migrations occurred. Acetylation
of N-Cbz-protected (±)-3 and N-Fmoc-protected derivative (±)-4
with 4 equiv. of acetic anhydride proceeded with the same high E
(>200), but with different reaction rates (conv. ~50%, after 20 and
30min, respectively). Preparative-scale resolution (CAL-B, toluene,
4 equiv. acetic anhydride, 60 C) of (±)-4 gave products (R)-4 and
(S)-8a with excellent ee values of 96% and yields of 44% after
50min. The enantioselectivity for (±)-3, in turn, was moderate
(E¼ 94, ee(R)-3¼ 88%, ee(S)-7a¼ 94% at a conversion of 48%).
Deprotection of Fmoc derivative (R)-4 did not cause any change in
the ee of (R)-10 (75% yield), but in the case of Cbz [(R)-3], the ee of
product (R)-10 decreased to 78% from 88% (yield¼ 50%). All these
results underline the importance of substrate engineering.
4. Experimental section
4.1. General
CAL-B (Candida antarctica lipase B) was from Sigma-Aldrich
(Catalog No. L4777). All solvents and reagents were of higher
analytical grade. Racemic 1-hydroxymethyl-1,2,3,4-tetrahydro-b-
carboline (±)-10 and its N-Boc-protected form [(±)-1] werepreviously synthesized.39 Bruker Avance DRX 400 and Bruker
Ascend™ 400 instruments were used for 1H NMR and 13C NMR
measurements. Elemental analyses were recorded with Perkin-
Elmer CHNS-2400 Ser II Elemental Analyzer. Perkin-Elmer 341
polarimeter was used to measure optical rotations. Koﬂer appa-
ratus was used for the determination of melting points. Enzymatic
reactions were performed in a New Brunswick Scientiﬁc Innova
4000 incubator shaker with a shaking speed of 150 (rpm). The Cbz
protecting group was removed by hydrogenation performing the
reaction in a continuous-ﬂow reactor (H-Cube®) from ThalesNano
Inc. H-Cube®was used in ‘Controlled’ mode (at 1 bar). The 10% Pd/C
ﬁlled cartridge (30mm long) was also from ThalesNano Inc.
4.2. Analytical methods
Enzymatic O-acylations were followed by HPLC equipped with a
Daicel Chiralpak IA or OD-H column (4.6 250mm) at room tem-
perature. For (±)-1: Chiralpak OD-H column, eluent n-hex-
ane:isopropyl alcohol (93:7), ﬂow rate 0.5mLmin1, detection at
260 nm, retention times (min): (S)-1: 16.6, (R)-1: 27.7, (S)-5a: 13.8,
(R)-5a: 18.8 and (±)-5b: 12.7, 13.5. Method for (±)-2: Chiralpak IA,
eluent n-hexane:isopropyl alcohol (90:10), ﬂow rate 0.5mLmin1,
detection at 230 nm, retention times (min): for (±)-2: 33.9 and 38.4.
Enantiomers of (±)-6a (retention time: 41.8min) did not separate
into the baseline with this method. Separation of the enantiomers
of (±)-6a was achieved with Chiralpak OD-H column: eluent n-
hexane:isopropyl alcohol (90:10), ﬂow rate 0.5mLmin1, detection
at 230 nm, retention times (min) for (±)-6a: 43.5, 47.7 and (±)-6b:
34.6, 37.8. Method for (±)-3: Chiralpak IA column, eluent n-hex-
ane:isopropyl alcohol (60:40), ﬂow rate 0.5mLmin1, detection at
280 nm, retention times (min): for (S)-3: 15.4, (R)-3: 17.3, (S)-7a:
18.4, (R)-7a: 26.8 and (±)-7b: 18.5 and 24.3. Method for (±)-4:
Chiralpak IA, eluent n-hexane:isopropyl alcohol (80:20), ﬂow rate
1mLmin1, detection at 220 nm, retention times (min): for (S)-4:
17.4, (R)-4: 26.7, (S)-8a: 23.7, (R)-8a: 44.9 and (±)-8b: 20.7 and 58.7.
The ee value of the deprotected product [(R)-10] was determined
after derivatizationwith Boc anhydride, with the analytical method
described for (±)-1. The ees and eep were calculated with the
equation: ee ¼ {(R-S)/(RþS)}100, where R and S are the aria of the
enantiomers in chromatograms, representing the moles of each
enantiomer produced. Than, the ee values were used for the
calculation of enantioselectivity and conversion with the following
equations: E¼ {ln[(1-ees)/(1þees/eep)]}/{ln[(1þees)/(1þees/eep)]}
and conv.¼ ees/(eesþeep).40,41
4.3. Small-scale enzymatic reactions
Small-scale experiments were performed as batch reactions in
an incubator shaker at 60 C. N-Protected substrates were dissolved
in toluene (1mL), followed by the addition of CAL-B (30mg) and
the acyl donor (2, 3 or 4 equiv. acetic anhydride, vinyl acetate or
2,2,2-triﬂuoroethyl butyrate).
4.4. Synthesis of starting compounds
4.4.1. Synthesis of racemic N-acyl-protected 1-hydroxymethyl-2-
acetyl-1,2,3,4-tetrahydro-b-carboline, [(±)-2]37e39
Racemic 1-hydroxymethyl-1,2,3,4-tetrahydro-b-carboline
(±)-10 (100mg, 0.40mmol) was mixed with 3 equiv. acetic anhy-
dride (112 mL, 1.2mmol) and NaOH (340mg, 8.5mmol) in 30mL
dichloromethane and 30mL water followed by stirring for 52 h at
room temperature. The mixture was extracted with CH2Cl2
(3 15mL) and the organic phase was dried on anhydrous Na2SO4
then evaporated off. The resulting yellow oil was puriﬁed by col-
umn chromatography [eluent: CH2Cl2:MeOH (40:1)]. Product (±)-2
R. Megyesi et al. / Tetrahedron 74 (2018) 2634e2640 2639(55mg, yield: 46%, white crystals, m. p.¼189e191 C, Rf: 0.9) was
crystallized from ethanol and n-hexane.
1H NMR (400MHz, CDCl3) for (±)-2: d¼ 8.58e8.71 (br s, 1H,
NH), 7.44e7.49 (d, J¼ 7.72 Hz, 1H, Ar-H), 7.31e7.35 (d, J¼ 8.36 Hz,
1H, Ar-H), 7.13e7.20 (dt, J¼ 1 Hz, 7.02 Hz, 1H, Ar-H), 7.06e7.13 (t,
J¼ 7.2 Hz, 1H, Ar-H), 5.74e5.82 (t, J¼ 6.56 Hz, 1H, CH), 3.96e4.11
(m, 2H, CH2), 3.84e3.93 (m, 1H, CH2), 3.43e3.55 (m, 1H, CH2),
2.79e2.96 (m, 2H, CH2), 2.29 (s, 3H, CH3) ppm.
4.4.2. Synthesis of racemic N-Cbz-protected 1-hydroxymethyl-
1,2,3,4-tetrahydro-b-carboline [(±)-3]
Racemic 1-hydroxymethyl-1,2,3,4-tetrahydro-b-carboline
(±)-10 (0.5 g, 2.47mmol) was suspended in the mixture of toluene
and water (1:1, 20mL:20mL) then 1.5 equiv. (0.3 g) NaHCO3 was
added to the reaction mixture. This was followed by the dropwise
addition of benzyl chloroformate (1.1 equiv., 0.38mL) under ice
cooling. Because substrate (±)-10 was insoluble, 40mL CH2Cl2 was
added to the mixture followed by stirring at room temperature for
24 h. The mixture was extracted with CH2Cl2 (3 20mL) and then
the organic layer was extracted with dilute 10% hydrochloride acid
(2 20mL). The organic layer was dried on anhydrous Na2SO4 and
then evaporated. The crude product [(±)-3, a yellow oil] was puri-
ﬁed by column chromatography on silica [eluent: n-hexane:EtOAc
(2:1), Rf: 0.24, 473mg, yield: 57%, light yellow oil].
1H NMR (400MHz, CDCl3) for (±)-3: d¼ 2.66e2.96 (m, 2H, CH2),
3.06e3.33 (m,1H, CH2), 3.74e3.92 (br s,1H, CH2), 3.93e4.09 (m,1H,
CH2), 4.38e4.68 (m, 1H, CH2), 5.07e5.47 (m 2H, CH2 overlapping
with m, 1H, CH), 7.04e7.21 (m, 2H, Ar), 7.25 (s, 1H, Ar), 7.27e7.43
(m, 5H, Ar), 7.43e7.54 (d, J¼ 7.35Hz, 1H, Ar), 8.15e8.60 (m, 1H, NH)
ppm. 13C NMR (400MHz, CDCl3) for (±)-3: d¼ 21.6, 40.1, 53.1, 53.2,
64.4, 67.7, 111.1, 118.2, 119.6, 122.2, 126.5, 128.0, 128.2, 128.6, 131.5,
136.2, 136.5 ppm. Anal. calcd. for C20H20N2O3: C, 71.4; H, 6.0; N, 8.3.
Found: C, 71.4; H, 6.0; N, 8.3.
4.4.3. Synthesis of racemic N-Fmoc-protected 1-hydroxymethyl-
1,2,3,4-tetrahydro-b-carboline [(±)-4]
Racemic 1-hydroxymethyl-1,2,3,4-tetrahydro-b-carboline
(±)-10 (0.4 g, 1.98mmol) was dissolved in acetone (15mL) then
water (15mL) and Na2CO3 (1 equiv., 0.21 g) were added to the so-
lution. After adding 9-ﬂuorenylmethyl N-succinimidyl carbonate
[(Fmoc-OSu), 1 equiv. 0.67 g)], the reaction mixture was stirred at
room temperature for 7 h. Next acetone was evaporated, EtOAc
(20ml) and dilute 10% hydrochloride acid (10mL) were added to
the remaining water, and the mixture was extracted with 2 20ml
EtOAc. The organic layer was washed with 3 30mL water, dried
on anhydrous Na2SO4, and evaporated. The product [(±)-4] was
puriﬁed by column chromatography [eluent: n-hexane:EtOAc (2:1),
Rf: 0.15, 550mg, yield: 65%, white crystals, crystallized for EtOAc,
mp.: 206e208 C].
1H NMR (400MHz, DMSO‑d6) for (±)-4: d¼ 2.53e2.74 (m, 2H,
CH2), 3.64e3.82 (m, 2H, CH2), 4.23e4.44 (m, 3H, CH2), 4.93e5.18
(m, 1H, CH overlapping with m, 1H, CH2), 6.90e7.0 (t, J¼ 7.36 Hz,
1H, Ar), 7.01e7.09 (m, 1H, Ar), 7.20e7.49 (m, 6H, Ar), 7.60e7.72 (q,
J¼ 7.40 Hz, 2H, Ar), 7.79e7.97 (m, 2H, Ar), 10.70e10.88 (d,
J¼ 44.4 Hz, 1H, NH) ppm. 13C NMR (400MHz, DMSO‑d6) for (±)-4:
d¼ 21.4, 47.3, 53.7, 62.7, 67.1, 108.0, 108.4, 110.2, 111.6, 118.0, 118.9,
120.6, 121.3, 121.9, 125.4, 125.5, 126.7, 127.6, 127.8, 128.1, 129.4,
132.3, 132.6, 136.4, 141.3, 144.4, 155.5 ppm. Anal. calcd. for
C27H24N2O3: C, 76.4; H, 5.7; N, 6.6. Found: C, 76.4; H, 5.75; N, 6.6.
4.5. Preparative-scale resolutions
4.5.1. Preparative-scale enzymatic resolutions of (±)-3
To the solution of (±)-3 (100mg, 0.3mmol in 20mL toluene)
lipase CAL-B (600mg) and acetic anhydride (4 equiv, 114 mL) wereadded. The reaction mixture was shaken at 60 C for 15min then
the reaction was stopped by ﬁltering off the enzyme. The enzyme
was washed with 3 20mL toluene and the solvent was evapo-
rated. The remaining amino alcohol {(R)-3: 48mg, yield 48%,
ee¼ 88%, [a]D25 ¼ þ77.2 (in EtOH, c ¼ 0.52), as light yellow oil, Rf:
0.20} and the product amino ester {(S)-7a: 50mg, yield: 45%,
ee¼ 94%, [a]D25¼ - 84.3 (in EtOH, c¼ 0.625) as light yellow oil, Rf:
0.60} were separated by column chromatography on silica [eluent:
n-hexane:EtOAc (2:1)].
1H NMR (400MHz, CDCl3) spectra for (R)-3was the same to that
for (±)-3. 1H NMR (400MHz, DMSO‑d6) spectra for (S)-7a:
d¼ 1.80e2.0 (d, J¼ 16Hz, 3H, CH3), 2.61e2.78 (m, 2H, CH2), 3.31 (s,
1H, CH2 overlapping with the signal of the DMSO), 4.21e4.41 (m,
2H, CH2), 4.42e4.60 (m, 1H, CH2), 5.01e5.24 (m, 2H, CH2),
5.37e5.32 (br s, 1H, CH), 6.93e7.02 (t, J¼ 7.4 Hz, 1H, Ar), 7.03e7.12
(t, J¼ 7.8 Hz, 1H, Ar), 7.26e7.47 (m, 7H, Ar), 10.84e11.10 (d,
J¼ 30.6 Hz,1H, NH) ppm. 13C NMR (400MHz, CDCl3) spectra for (S)-
7a: d¼ 20.7, 21.5, 39.4, 50.5, 64.7, 67.5, 111.1, 118.2, 118.4, 119.65,
119.8, 122.3, 122.4, 126.5, 127.8, 128.1, 128.1, 128.2, 128.6, 136.2,
155.7, 171.0 ppm. Anal. calcd. for C22H22N2O4: C, 69.8; H, 5.9; N, 7.4.
Found: C, 69.8; H, 5.9; N, 8.4.
4.5.2. Preparative-scale enzymatic resolutions of (±)-4
Similar to the process described in Section 4.5.1, the enzymatic
resolution of (±)-4 (100mg, 0.24mmol) was performed in toluene
(15mL) with CAL-B (450mg) and acetic anhydride (4 equiv., 91 mL)
at 60 C affording (R)-4 {47mg, yield 47%, ee¼ 99%, [a]D25 ¼ þ54 (in
EtOH, c¼ 0.28), white crystals, mp.: 115e117 C, Rf: 0.11} and (S)-8a
{48mg, yield 44%, ee¼ 96%, [a]D25¼57.8 (in EtOH, c¼ 0.80), light
transparent oil, Rf: 0.51} after 50min n-Hexane:EtOAc (2:1) eluent
was used for the separation.
1H NMR (400MHz, DMSO‑d6) spectra for (R)-4 was the same to
that for (±)-4. 1H NMR (400MHz, CDCl3) spectra for (S)-8a: d¼ 1.96
(s, 3H, CH3), 2.55e2.76 (m, 2H, CH2), 3.97e4.56 (m, 6H, 3  CH2),
5.20e5.51 (d, J¼ 43.9 Hz, 1H, CH), 6.93e7.02 (t, J¼ 7.52 Hz, 1H, Ar),
7.03e7.12 (t, J¼ 7.28 Hz, 1H, Ar), 7.22e7.50 (m, 6H, Ar), 7.57e7.73
(m, 2H, Ar), 7.81e8.00 (m, 6H, Ar), 10.91e11.01 (br s, 1H, NH) ppm.
13C NMR (400MHz, CDCl3) spectra for (S)-8a: d¼ 20.9, 21.5, 39.4,
47.3, 50.4, 64.8, 67.7, 109.9, 111.0, 111.1, 118.3, 118.4, 119.7, 120.0,
122.3, 122.4, 124.7, 124.8, 126.5, 127.1, 127.8, 129.5, 129.9, 136.2,
141.4, 143.9, 155.6 ppm. Anal. calcd. for C29H26N2O4: C, 74.7; H, 5.6;
N, 6.0. Found: C, 74.65; H, 5.6; N, 6.0.
4.6. Removals of protecting groups
4.6.1. Deprotection of (R)-3
The substrate [(R)-3: 13mg, 0.039mmol] was dissolved in 2mL
EtOH:EtOAc (1:1) and the solution was pumped through with a
HPLC pump (ﬂow rate¼ 0.5mL) to the heated (60 C) cartridge
containing 10% Pd/C. After the reaction the solvents were evapo-
rated and (R)-10 was puriﬁed with column chromatography
[eluent: CH2Cl2:MeOH (5:1)]. The product [(R)-10] was isolated as
light yellow crystals {4mg, yield 50%, ee¼ 78%, [a]D25¼ - 22 (in
EtOH, c¼ 0.20), mp.: 145e148 C, Rf: 0.21}.
4.6.2. Deprotection of (R)-4
The substrate [(R)-4: 42mg, 0.1mmol] was dissolved in dime-
thylformamide (2.4mL) and then piperidine (0.6mL) was added.
The reaction mixture was stirred at room temperature for 8 h. At
the end of the reaction the mixture was subjected to column
chromatography. The solvent and reagent was washed off with n-
hexane:EtOAc (1:1) while the product [(R)-10] was eluted from the
columnwith MeOH. The solvent was evaporated off and (R)-10was
puriﬁed by further column chromatography [eluent: CH2Cl2:MeOH
(1:1)]. The product [(R)-10] was isolated as light yellow crystals
R. Megyesi et al. / Tetrahedron 74 (2018) 2634e26402640{15mg, yield 75%, ee¼ 99%, [a]D25¼ - 35.4 (in EtOH, c¼ 0.40), mp.:
150e151 C, Rf: 0.22}.
1H NMR (400MHz, CDCl3) for (±)-9: d¼ 8.12e8.26 (br s,1H, NH),
7.49e7.56 (d, J¼ 7.69 Hz, 1H, Ar), 7.32e7.39 (d, J¼ 8.14 Hz, 1H, Ar),
7.10e7.23 (m, 2H, Ar), 4.18e4.26 (t, J¼ 2.30 Hz, 1H, CH), 3.77e3.96
(m, 2H, CH2), 3.11e3.36 (m, 2H, CH2), 2.71e2.87 (m, 2H, CH2) ppm.
13C NMR (400MHz, MeOH-d4) for (±)-10: d¼ 135.4, 131.4, 126.0,
119.7, 117.2, 116.1, 109.5, 107.2, 62.1, 53.2, 40.2, 20.4 ppm. Anal. calcd.
for C12H14N2O: C, 71.3; H, 7.0; N, 13.85. Found: C, 71.2; H, 6.9; N,
13.80.
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